Motes are low-cost COTS (commercial off-the-shelf) microchips, which integrate a processor, onboard sensor, RF communications link, and a power unit. High levels of power efficiency can be achieved with the use of the IEEE 802.15.4 protocol for communication between the motes, allowing long-term periods of operation for motes and reducing the power requirements of a spacecraft. The article examines the feasibility of using sensors for harness reduction between satellite subsystems, and for inter-satellite networking capabilities between satellite swarms.
Introduction
Spacecraft manufacturing is largely a manual operation, with high costs and long lead times. Hamessing or electrical interconnections form a large part of the spacecraft, contributing mass and requiring more assembly, integration, and testing as spacecraft complexity increases. Having hamessing account for more than 10% of the platform cost and up to 15% of the dry mass are common fractions in cost savings through standardized cards and interfacing, against higher-mass point-to-point connections used in large spacecraft. Sensor networks developed for the terrestrial industry can be physically arranged or arranged in an ad hoc fashion using new wireless protocols, such as the ZigBee, which can self-organize into a communicating network [1] .
Spacecraft platforms are highly complex systems. Hamess and electrical interconnections of spacecraft components require a high level of assembly integration and testing. The use of wireless monitoring nodes can potentially minimize the use of wires, with wireless connections leading to a significant reduction in the harness. Several industries use wireless sensor devices (motes) to monitor automotive subsystems, control lighting, and monitor movement for security systems. Such sensors can form a mesh, or can form point-to-point ad-hoc networks [ 1, 2] .
Motes are wireless micro-sensors that combine a low-power micro controller, an RF transceiver, and power supply with one or more attached or embedded sensors. They often use eight-bit microcontrollers, and have a few kilobytes of onboard flash memory to store the program used from the mote.
Motes are being researched for intra-spacecraft communication, to replace wires between spacecraft subsystems, and for interspacecraft communication, offering communication among spacecraft flying in formation or as an ad-hoc swarm. Onboard computer functions, such as housekeeping sensor readings, could be replaced by mote networks, which can also support data routing from other subsystems.
Low-cost small satellites use the CAN (Control Area Network) protocol to provide a communication link among different subsystems. Although CAN has been tested on previous satellite missions and is proven to perform very well, it has a limited data rate and comes with a hamess overhead. Hamess reduction can result in a reduction in complexity for construction of a spacecraft, as well as in a sizeable reduction in the total mass, especially for small spacecraft. Further mass reduction can occur due to elimination of electronic interference boards on subsystem electronics. For example, a CAN interface for a star tracker or a battery-charge regulator has a mass of 100-200 g. By using a MICA2DOT [3] wireless micro-sensor, the mass could be reduced to 10 g, including the battery cell ( Figure 1) . The Additional features of the wireless network include embedded data security, built-in routing/networking, and long lifetime of operation.
The intra-spacecraft network requirements are influenced by the distribution of the motes inside the spacecraft. For a small spacecraft (Palmsat or a nanosatellite), due to its small size the distance between each individual mote is small, resulting in minimum loss of signal strength (Figure 2a) . For larger spacecraft, it is likely that additional power will be required from the motes in order to transmit at higher power, as the motes will be positioned further apart, in different, separated compartments ( Figure 2b ). The case for intra-spacecraft communication networks is similar.
For inter-spacecraft networks, network requirements are influenced by the distribution of the spacecraft within the swarm.
The distance between the spacecraft is the main network-design factor. The range between the motes is influenced by the power available for transmission, the technology used, and the antenna. Higher power can result in longer range, but from a spacecraft perspective, it is required that the network be as power efficient as possible. Mesh networking as offered by ZigBee provides a solution, by routing data from satellite to satellite with several data hops, decreasing the required range of transmission between satellites, as depicted in Figure 2 [1] . Figure 1 . The Xbow MICA2DOT mote [3] . [3] mote has four channels and operates at 433 MHz with a maximum baud rate of 38. 4 Kbaud, but it is expected that for a mesh network, the rate can be decreased by a factor of 10. Comparing with the existing CAN hardware, which offers a maximum rate of 32 kbps, the performance of ZigBee for intra-spacecraft communications is acceptable. ZigBee is a low-cost and long-lifetime standard for wireless communication, fully complying with the requirements of a low-cost low-mass solution. Table 1 
Formation Flying Application
Formation-flying (FF) technology enables many small, inexpensive spacecraft to fly in formation and gather scientific data by operating as a "virtual satellite." This "virtual satellite" concept lowers total mission risk, increases science data collection, and adds considerable flexibility to the missions. Satellites flying in formation will autonomously react to each other's attitude changes, requiring minimum intervention from the ground. Formation-flying satellites have the ability to collect data that was not feasible to collect from a single satellite, such as stereo images, or data from the same location from different angles.
Spacecraft payloads often have competing and conflicting requirements on a satellite's design. To achieve the highest rate of success, several additional redundant systems are included onboard the satellite, which impose additional overhead on the design and manufacturing processes. By separating the scientific instruments among the satellites of the formation, we can minimize the risk of the mission from total mission failure to instrument failure. Further to a mission failure, there is the potential for replacing the failed satellite with a new one.
Each satellite of the formation will be considerably smaller, lighter, simpler, simpler to manufacture, and mass produced to decrease the mission cost to a minimum. Formation-flying algorithms are primarily concemed with the maintenance of the relative location of the satellites in the formation. Each satellite will have its own attitude-determination and control system (ADCS), and all the usual subsystems, such as power and onboard computer (OBC), but the scientific payloads required for the mission will be distributed among the satellites. Each 
Conclusion
Wireless motes are currently being used for many intelligent, low-power applications in many areas of the electronics industry, such as the automotive industry. Wireless links can prove to be useful for spacecraft applications, particularity for small satellites. Savings in hamess mass and the capability of employing motes for both intra-and inter-spacecraft applications makes the use of this technology very attractive. The advantages and challenges of using wireless motes for small satellites have been examined. Practical work currently in progress indicates the promise of near-term implementation of wireless motes on small satellite missions.
